In this paper, the design of a beam scanning, 3D-printed dielectric Transmitarray (TA) working in Ka-band is discussed. Thanks to the use of an innovative three-layer dielectric unit-cell that exploits tapered sections to enhance the bandwidth, a 50 × 50 elements transmitarray with improved scanning capabilities and wideband behavior has been designed and experimentally validated. The measured radiation performances over a scanning coverage of ±27 • shown a variation of the gain lower than 2.9 dB and a 1-dB bandwidth in any case higher than 23%. The promising results suggest that the proposed TA technology is a valid alternative to realize a passive multibeam antenna, with the additional advantage that it can be easily manufactured using 3D-printing techniques.
Introduction
The next generation of high performing radar and satellite communication systems is requiring the development of enhanced technologies for the design and realization of its components. For what concerns antennas, the main constraints are related to the frequency bands, moving from microwave to millimeter or sub-THz frequencies, the high gain and the multibeam or beam scanning capabilities. To generate wide scanning antennas with good performances in all the pointing directions, the use of active arrays is the most straightforward solution, even if they are characterized by high complexity, that increase dramatically with the number of array elements; moreover, at the higher frequencies, the poor performances of the feeding network represent a limitation to this type of antenna. An alternative is that of using a mechanical beam-steering mechanism, easily implementable in reflector-type antennas. To reduce the antenna volume, recently, solutions where Reflectarray (RA) or Transmitarray (TA) antennas substitute the reflector are taken into account, since they represent a convenient and efficient alternative for obtaining high gain and low cost antennas [1, 2] . A transmitarray is typically composed of a feed source that illuminates a single or multilayer quasi-periodic array, whose unit-cells are characterized by one or more variable geometrical parameters, through which it is possible to control the transmission coefficient phase of each cell and to obtain the desired radiation pattern [2] . The TA unit-cell can consist in metallic elements printed on different dielectric layers [3] [4] [5] , in completely metallic slot-based layers separated by air gaps [6, 7] or even in a dielectric structure perforated by one or several holes, as implemented in [8] [9] [10] [11] [12] [13] . In comparison with reflectarrays, TAs present the advantage to not suffer for blockage, which require the use of off-set feeds in RA, and this increases the difficulty to implement efficiently the beam scanning.
In view of their features, transmitarrays have been widely considered for the realization of multibeam [14, 15] or beam scanning antennas [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] . The most straightforward way to obtain the beam steering is that of integrating active elements in the unit-cell, such as p-i-n diodes [16] [17] [18] [19] [20] or varactor diodes [21] [22] [23] [24] [25] [26] [27] : the resulting radiation features are good, but the same considerations already done for active arrays apply. An alternative solution can be the use of a passive TA illuminated by a moving feed or by a feed array, generating beams that impinge on the TA surface with different incident angles and are therefore focused by the TA itself in different directions [14] [15] [16] [17] [18] . The main limitation of this solution is its reduced scanning capabilities: in [16] , a small size configuration shows a reduction of the gain of approximately 4 dB on a scanning range from −30 • to 30 • . Some improvements can be obtained using a larger TA, so that just one part of it is illuminated by each incident field [15, 17] , or designing the TA so that it acts as a bifocal lens [18] , even if in this case a degradation of the beam in the broadside direction occurs.
In this paper, the design of the 3D-printable dielectric transmitarray with beam-scanning capabilities is discussed. It adopts the wideband dielectric unit-cell already introduced in [12] are investigated which consists of three perforated layers: the central presents a square hole, which is used to control the phase of the transmission coefficient, while the external layers are equal and have a truncated pyramid hole, which allow for improving the bandwidth and the efficiency. This cell element was firstly introduced in [10] [11] [12] [13] , which consists of three perforated layers: the central presents a square hole, which is used to control the phase of the transmission coefficient, while the external layers are equal and have a truncated pyramid hole, which allow for improving the bandwidth and the efficiency. This cell element was firstly introduced in [10] , where its wideband behavior was tested only with numerical simulations of a medium size TA, designed using a conventional dielectric material and without considering the possible limitations introduced by the manufacturing process. In [11] , the enhanced performances of the same unit-cell were compared with those of a conventional unit-cell having just a single layer with a square hole; in this case, a material usable for the realization of the TA with an Additive Manufacturing (AM) technique was considered, since this seemed to be the only adoptable method for the TA fabrication, but also in that work the designed antenna was only numerically analyzed, neglecting the constraints imposed by the AM process. The results in [11] proved that the TA with the tapered unit-cells provided a 1-dB bandwidth doubled (27.6%) with respect to that of the TA using the single layer cells (13.4%). The unit-cell was instead experimentally validated in [12] : firstly, several numerical tests were conducted to find the optimum geometric parameters and transmitarray configuration at Ka-band; then, the unit-cell was modified to make it 3D-printable in view of the limitations introduced by AM techniques; finally, a 15.6λ 0 × 15.6λ 0 antenna was designed, manufactured with 3D-printing techniques and experimentally characterized in the anechoic chamber. All of the configurations considered in [10] [11] [12] , were designed neglecting the effect of the direction of arrival of the incident field on the unit-cell and they are only center-fed transmitarrays that generate a main beam in the broadside direction. In [13] , some very preliminary considerations on the possibility to realize a mechanically steerable transmitarray are summarized: two different unit-cells are considered, one of which is the dielectric one; small size TAs working at 5.6 GHz were designed without taking into account any manufacturing limitations and considering the possibility to design a bifocal configuration or to use a global optimizer, and then characterized numerically. In this paper, a systematic analysis of the scanning beam capabilities of the unit-cell is first performed and the obtained results are presented in Section 2; the unit-cell has then been used for the design of a medium size TA, considering the steering of the incident field varying between −30 • and +30 • : the adopted design procedure is described in detail in Section 3. A prototype has been therefore manufactured and measured: the results collected in Section 4 prove that the TA provides excellent radiation performances for different scanning angles, still maintaining for each of them a large bandwidth behavior; the 1-dB bandwidth remains almost the same for the different pointing angles, which are very stable over the entire bandwidth. Finally, in Section 4, some concluding remarks and possible future actions devoted to further improve the transmitarray features are discussed.
Unit-Cell Analysis
The basic structure of the unit-cell (UC) used for the design of the beam scanning TA was described in detail in [12] , where it was proposed as an alternative solution to improve the bandwidth in transmitarray antennas; however, for the sake of clearness, its main features are summarized in the following.
As illustrated in Figure 1 , the UC consists of three overlapping layers, made of the same dielectric material. The central layer has a square hole, whose size d is varied to control the phase of the transmission coefficient (S 21 ). The two external elements are characterized by a truncated pyramid hole that connects the hole in the central layer to the external aperture on the unit-cell external top (bottom) side, whose size W is the same for all of the unit-cells. The three layer configuration can be described with the equivalent transmission line model shown in Figure 2 . The comparison with the lateral view of the unit-cell in Figure 1b highlights that the mid layer behaves as a uniform transmission line with characteristic impedance Z sqh , while the external identical layers are equivalent to tapered transmission lines whose characteristic impedance Z * tap (z) varies linearly along the z-axis, and therefore they act as wideband impedance inverters that match Z sqh to the free-space impedance (Z 0 ). Both Z sqh and Z sqh are related to the effective permittivity of the corresponding layer that in its turn depends on the relative dielectric constant of the material and the size of the hole. The dimension of the tapered section changes linearly with z, and, as a consequence, the characteristic impedance Z * tap (z) follows the same linear law. As discussed in [10] , a good matching can be realized choosing the lengths l 1 and l 3 of the tapered lines at least equal to λ g /2, where λ g is the effective wavelength in the tapered section. The unit-cell was designed to work in Ka-band, at a frequency f 0 = 30 GHz. To make possible its manufacturing with a 3D printer, it was designed using the commercial dielectric VeroWhite Plus (RGD835 provided by Stratasys ). This material was electromagnetically characterized using the waveguide method through which it was estimated that the average value of the dielectric constant in the considered frequency range is ε r = 2.77 and the loss tangent is tanδ = 0.021. Considering the requirements introduced by the manufacturing process discussed in [12] , and the parametric analysis performed to determine the optimal sizes of the unit-cell, its side is fixed to W = 0.3λ 0 = 3 mm, while the heights of each layer are l 1 = l 2 = l 3 = 11 mm, corresponding to a total cell thickness T = l 1 + l 2 + l 3 = 3.3λ 0 = 33 mm. Moreover, the resolution of the adopted 3D printer forces the maximum and minimum size of the holes to be equal to 2.65 and 0.5 mm, respectively; this choice does not allow for obtaining a perfect matching between the mid layer equivalent characteristic impedance and Z 0 , with a consequent decrease of the amplitude of S 21 , while a range of 360 • is still achieved for its phase. As also pointed out in [16] , the scanning capabilities of a transmitarray depend, in the first instance, on the feature of the unit-cell, whose behavior must be as less as possible subject to the direction of arrival of the unit-cell, i.e., both the phase and the amplitude of S 21 have to stay almost the same when the angle of incidence varies. In fact, this feature guarantees that, changing the angle of incidence, no higher modes resonate, as occurs for other unit-cell (see for instance [13] ), degrading the antenna radiation performances and also that, when the direction of arrival changes, due to a variation of the position of the feed, the behavior of the unit-cell is not completely different from the presumed one. To study what happens in the unit-cell considered here, it has been analyzed using the Floquet excitations in CST MW Studio, used to compute the transmission coefficient as a function of d, for several angles of incidence θ i (see inset in Figure 3a for its definition). The curves representing the variation of the amplitude and the phase of S 21 are shown in Figure 3a ,b, respectively. They have been calculated at f 0 and for θ i = 10 • , 20 • , 30 • , 40 • . Since the analyses for TE (φ i = 0 • ) and TM (φ i = 90 • ) modes provided the same results, only a single curve is plotted for each incidence angle. As it can be observed in Figure 3a , the amplitude of S 21 is slightly affected by direction of arrival of the incident wave, with a reduction not greater than 0.5 dB when θ i = 40 • . For what concerns the phase, from Figure 3b , it emerges that both its linearity and full range of variation are not affected by θ i : in fact, the different curves are almost a translated copy of the other, with small changes in the slope. This means that the dielectric unit-cell behavior is not particularly sensitive to the angle of incidence, and this makes it a potential good candidate for the realization of a beam scanning TA, more suitable than other unit-cells, as some of those using metallic printed elements, where the oblique incident wave excites superior modes, at their turns responsible for a strong reduction in the amplitude of the transmission coefficient and discontinuities in the phase variation. 
Beam Scanning Transmitarray Design
Adopting the unit-cell described in the previous section, a medium-size transmitarray has been designed: it is composed by a matrix of 50 × 50 elements, corresponding to a size D = 150 mm = 15λ 0 at f 0 . The first step in the design procedure concerns the evaluation of the required phase distribution. The transmission phase of each element is designed to compensate the spatial phase delay from the feed source to it [2] . Considering the coordinate system illustrated in Figure 4 , the required phase distribution to obtain a focused beam in a direction normal to the surface is given by:
where k 0 is the propagation constant in free-space, r represents the distance from the feed to the (m, n)-th element, whose position is located by r mn , andû o is the unit vector describing the main beam direction. The vector r f determines the feed position, which is considered to be aligned to the center of the TA surface. The quantity ψ o is a constant phase value, indicating that a relative phase rather than the absolute transmission phase is required for the transmitarray design. Using the array theory, the far-field radiation pattern for a rectangular aperture transmitarray of M × N elements can be predicted using the following approximated expression:
where q e is the element power factor, q f is the feed pattern power factor, θ f (m, n) is the spherical angle in the feed coordinate system in correspondence of each element of the TA and for which the field radiated by the feed is computed. |S 21 (m, n)| and ∠S 21 (m, n) are the magnitude and phase of the transmission coefficient of each element, respectively. Once the required transmission phase ψ req (m, n) is determined for each element of the TA aperture, the corresponding element dimension is obtained using the curve that relates it to the phase ∠S 21 (m, n). This curve is generally obtained from the full-wave analysis of the unit-cell, as performed in Section 2. Typically, the evaluation ∠S 21 (m, n) is made under the assumption that all cells are illuminated by a field with a normal incidence. Actually, most of the elements are illuminated by oblique incidence angles, and therefore this approximation produces a phase error that depends on the degradation of the unit-cell performances with the angle θ f . The incidence angle on each element of the aperture is given by
The value of the incidence angles θ f (m, n) in correspondence with the TA elements in the case considered here is shown in Figure 5a . It has been computed considering a focal length F = 150 mm (F/D = 1). The angle is maximum at the extremes of the aperture, achieving a peak value of about 34 • . The phase error introduced when the normal incidence is assumed for all the unit cells instead of the real direction of arrival of the incidence field is given by
where ∠S 21 (m, n) is the transmission phase computed with a normal incidence (θ f = 0 • ), while ∠S 21 (θ f (m, n)) takes into account the different behavior of the UC with varying θ f and it has been evaluated from the curves obtained in Figure 3b . In Figure 5b , the resulting phase error distribution ψ error (m, n) for the 50 × 50 TA is plotted: as it can be observed, at the center, the phase error is lower than 5 • and it can be considered negligible, while beyond the phase jump, the error increases arriving up to about 30 • . It is higher when the position of the feed changes, as occurs during the mechanical beam scanning considered here. For instance, if we consider a scanning angle of −30 • , the distribution of the incident angles becomes that in Figure 5c , in which the maximum angle achieved on the right corners is 51 • . In Figure 5d , it can be observed that the phase error related to this case has increased, reaching a maximum of about 45 • . Moreover, another important aspect has to be taken into account when the feed is rotating. If the Transmitarray is designed as a center-fed configuration, it is necessary to consider an additional phase error due to the difference between the required phase distribution needed when considering a different feed angle position and the required phase distribution for the center-fed case. Thus, the total phase error for scanning angles is the following:
where ψ req (m, n) is the required phase distribution for the center-fed case expressed by Equation (1), ψ req (m, n) scan is the required phase shift needed for scanning angle case and ψ error (m, n) is the phase error related to the incidence angles by Equation (4). The second term of Equation (5) can be removed by choosing properly the values of the transmission phase ∠S 21 (θ f (m, n)). This method has been applied to find the optimal phase distribution that allows for reducing the phase error for all the considered scanning angles.
(a) (b) Figure 4 . Sketch of the TA configuration with the adopted coordinate system: (a) side view; (b) perspective view of the illuminated surface.
The feed is a circular horn working in Ka-band: it has a gain of 17 dB at 30 GHz and its pattern can be modelled as cos q f (θ) with q f = 12.5. The focal distance between the horn and the dielectric structure is F = 150 mm (F/D = 1). Since here the main interest is in investigating the scanning capabilities of the TA, the beam steering that is obtained with a relative rotation between the two parts of the antenna, i.e., the transmitting surface and the feed, and this is equivalent to moving the horn along a circular arc having the center coincident with that of the TA itself, has been sketched in Figure 6a . In this way, the offset angle θ f of the field impinging the TA changes, and consequently the direction of the main beam, is denoted with θ b . A range of variation for θ f of 60 • in the E-plane has been considered for the transmitarray proposed here. Figure 5 . Matrix of the incidences angles θ f (m, n) and related phase error: (a) incident angles for a center-fed TA; (b) phase error distribution considering a normal incidence; (c) incident angles when the scanning angle is −30 • ; (d) phase error distribution considering a normal incidence.
(a) (b) Figure 6 . Pictorial view of the beam scanning mechanism (a) and of its actual implementation (b).
Prototype Manufacturing and Experimental Characterization
The performances of the TA have first been numerically analyzed using CST MW Studio; then, a prototype has been manufactured and experimentally characterized in an anechoic chamber. The prototype has been fabricated using the 3D-printer Object30 by Stratasys that exploits PolyJet technology and allows for achieving a nominal resolution of 100 µm. In addition, the support connecting the feed to the TA and allowing its movement in the E-plane has been manufactured through a 3D-printing technique and, in particular, an FDM (Fused Deposition Modelling)-based 3D-printer has been exploited to realize it. A photo of the entire antenna and its measurement setup in the anechoic chamber is shown in Figure 7 . Note that, to simplify the antenna assembly, the beam steering mechanism illustrated in Figure 6a is implemented in a slightly different way, as appears from Figure 7a more clearly from the sketch in Figure 6b : it is the TA that rotates around an axis in the horizontal plane, namely the x-axis in the reference coordinate system adopted in Figure 6 , passing through the junctions that connect it to the supports; if this rotation is such that the angle between the y-and the y -axis in the sketches of Figure 6b is equal to θ f , the field radiated by the field impinges on the TA surface with an angle that is actually θ f ; in other words, it is sufficient to make a rotation of the coordinate system to overlap the drawing in Figure 6a to that in Figure 6b and this proves that they are equivalent. In the anechoic chamber, the measurement of the radiation pattern is done performing a 3D scanning in (θ, φ), where θ and φ are the angles used in the spherical coordinate system; when the measurement in the E-plane (i.e., the yz-plane in Figure 6 ) is performed, the radiation pattern as a function of θ is obtained. Therefore, θ b is immediately found in the correspondence of the direction of maximum radiation and operating a translation proportional to the rotation applied to the Transmitarray, i.e., the angle θ f .
The measured value of the main parameters characterizing the antenna radiation performances for the different θ f are summarized in Table 1 . In the first column, the value of these quantities for broadside radiation, where the gain is maximum, are listed. In the considered range for θ f , the gain decreases less than 3 dB, from a maximum of 29.97 dB at 0 • to 27.07 dB for θ f = ±30 • . This corresponds to an enlargement of the main beam, that is, however, never larger than 1 • in both planes (see 4th and 5th rows of the table). The decrease of the gain also affects the aperture efficiency, which reduces to 18% at the extremes of the scanning coverage. For what concerns the Side Lobe Levels (SLLs), their increase is more noticeable in the E-plane, where the beam is squinted, as also appears from the measured and simulated co-polarized radiation patterns at the frequency f 0 plotted in Figure 8 , for several values of the angle θ f . These patterns confirm the good scanning capabilities of the designed antenna, since they stay almost unchanged for scanning angles between -20 • and 20 • , but also, when θ f = 30 • , they do not degrade significantly. Note that the maximum of the different plotted patterns occurs for angles θ b that are slightly different from the corresponding angles θ f . In fact, even if theoretically θ b = θ f , in practice, this condition is not verified especially when these angles increase and what happens is that θ f is typically less than θ b [28] . The ratio between the main scanning beam direction and the feed offset angle can be defined as the Beam Deviation Factor (BDF), i.e., BDF = θ b /θ f . For a very large scanning angle range, this parameter has to be optimized to obtain the desired performances. In the case of the designed TA, the values of the BDF are reported in the 7th row of Table 1 : since it is equal to 0.9, it means that the achieved range of variation for θ b is of 54 • . Figure 9 shows the measured radiation patterns in H-plane, with a blow-up of the region close to the maximum in the inset. Apart from the reduction of the maximum gain, the radiation patterns are almost unchanged for −20 • ≤ θ f ≤ 20 • , and also for θ f = ±30 • the most significant effect is just a contained increase of the side lobes. In both Figures 8 and 9 , only the co-polar component of the radiated field is shown, to not make the plot incomprehensible, but the values of the cross-pol measured at 30 GHz for each considered pointing angle are reported in Table 1 : in all cases, it stays very low, reaching a maximum value of about −36 dB.
In Figure 10 , the frequency variation of the gain for the different scanning angles is plotted, while the values of the 1-dB bandwidth are reported in the last row of Table 1 . For the different values of θ f , the 1-dB bandwidth remains larger than 23% and this represents an advantageous feature with respect to other transmitarray configurations implemented with metallic-dielectric elements, which have in most cases a narrow band and it decreases furthermore when the direction of maximum radiation changes. In Figure 11 , the behavior of the measured and simulated gain at the design frequency as a function of the scanning angle is finally shown: the flatness of the curves is a further proof of the excellent scanning capabilities of the designed antenna; moreover, it is worth noticing the good agreement between the simulated and measured results. 
Conclusions
In this paper, the beam scanning capabilities of a 3D-printed dielectric transmitarray antenna have been analyzed and experimentally validated. The radiation patterns measured for different scanning angles in the range ±27 • showed a small variation of the gain, a controlled increase of the SLL and a wideband behavior, confirming the expected antenna properties. While these results prove the suitability of the considered unit-cell for the design of multibeam or beam scanning passive transmitarrays, some further optimization of the antenna would be necessary if similar performances would be obtained on larger scanning coverage. It will be the object of future investigations. 
